Twelve critically ill neonates mechanically ventilated for respiratory failure (mean weight 1.33 kg, mean gestation 31 wk) were studied to quantitate the effects of radiant power from a radiant warming device, body weight, and body surface area on insensible water loss. Radiant power density (Mw/cm2) was measured using a wattmeter and thermopile transducer. Insensible water loss was measured using a Potter Baby Scale. Weight correlated inversely with insensible water loss, (r = -0.86, P < 0.001). Radiant power density correlated inversely to weight, (r = -0.71, P < 0.001).
Summarv number of serious com~lications. Underestimation of fluid needs
Twelve critically ill neonates mechanically ventilated for respiratory failure (mean weight 1.33 kg, mean gestation 31 wk) were studied to quantitate the effects of radiant power from a radiant warming device, body weight, and body surface area on insensible water loss. Radiant power density (Mw/cm2) was measured using a wattmeter and thermopile transducer. Insensible water loss was measured using a Potter Baby Scale. Weight correlated inversely with insensible water loss, (r = -0.86, P < 0.001). Radiant power density correlated inversely to weight, (r = -0.71, P < 0.001).
There was a significant increase in insensible water loss as radiant power density increased, (r = 0.54, P < 0.05). Net radiant power received (W/kg) by infants over their exposed surface area, correlated directly to insensible water loss, (r = 0.67, P < 0.01) irrespective of body weight. Critically ill neonates ventilated for respiratory failure and nursed under radiant warmers incurred greater insensible water losses than p-eviously reported for well infants. The magnitude of this increaotd insensible water loss is inversely related to body size and is determined directly by the radiant power density required to maintain body temperature.
Speculation
Quantitative measurement of radiant power density delivered to critically ill newborn infants nursed under servocontrolled radiant warmers facilitates estimation of insensible water loss. Used in conjunction with body mass and surface geometry, quantitative radiant power assessment is clinically apilicable-to monitoring insensible water loss. Calculation of sarenteral fluid reauirements might be enhanced using this techniiue.
Estimation of parenteral fluid requirements is an essential part of managing the critically ill newborn infant (7, 24, 28) . The current method of estimating fluid needs is based on replacement of measured urine volume plus insensible water loss (7, 24) . Numerous factors are known to influence the magnitude of insensible water loss (28) . Some of these factors include the infant's mvironment (15, 19), metabolic rate (4, 18, 22, 25) , respiratory .ate (20, 21) gestational maturity (13), body size (31) . and surface srea and proportion of body composition as water (13). Because f the multiplicity of these factors, calculation of parenteral fluid :quirements is often a complex problem. Another more recent concern in estimating parenteral fluid -quirements is the reevaluation of insensible water loss as influIced by advances in life support technology. The use of radiant Irmers and phototherapy may produce profound changes in id balance (12, 17, 23, 28, 31) . Moreover the advent of this ,hnology has allowed smaller and less mature infants to survive =7). The physiology of fluid homeostasis in these very low birth :ight, critically ill infants is essentially unknown (24) .
Inaccurate assessment of fluid requirements may result in a may lead to dehydration, hypotension, poor perfusion with acidosis, hypernatremia, and cardiovascular collapse (6, 9, 30) . Administration of excessive fluid has been implicated in the pathogenesis of pulmonary edema, congestive heart failure, opening of ductal shunts, and bronchopulmonary dsyplasia (5, 26) . Recent investigations have assessed insensible water loss in the newborn infant to provide better guidelines for parenteral fluid replacement. Bell et al. (3) and Marks er al. (19) have suggested that radiant energy received by these infants from radiant warmers and phototherapy may be one of several factors determining the magnitude of insensible water loss. Engle et al.
(1 1) have quantitated radiant power delivered to critically ill infants and correlated this power to decreased urine output and increased urine concentration. However, there are little data on insensible water loss in very low birth weight infants ventilated for respiratory disease. It is this group of infants that is frequently nursed under radiant warmers and therefore is at highest risk for increased insensible water loss.
The purpose of this investigation is to demonstrate the degree to which insensible water loss is affected by body size and radiant warmer power delivery in low birth weighi, critically ill neonates.
MATERIALS A N D METHODS
Heat delivered by a radiant warmer (radiant power density), and insensible water loss were studied in 12 critically ill newborn infants (Table 1) . Gestational ages of these infants ranged 25-36 wk, and weights ranged 0.67-2.10 kg. Subjects were from I to 7 days of age at the time of study. Infants were nursed unclothed on radiant warmer beds (Air Shields, Infant Care System) servocontrolled by the infants' skin temperature to maintain axillary temperature within 36.5 to 37.2OC. The ambient temperature of the intensive care nursery is maintained at 25°C and 40 to 45% relative humidity by a double walled construction and environmental control. Convective currents in the nursery occur as a result of movement of personnel, and from air ventilation ports located in the ceiling. No attempt was made to alter these conditions in order to study the environmental ambience as experienced by the infant. All infants were endotracheally intubated and were receiving a mixture of humidified oxygen and compressed air. Ten of the 12 infants were mechanically ventilated and two were receiving continuous positive airway pressure. Nine infants had respiratory distress syndrome and three were ventilated for apnea of prematurity. None of the infants was asphyxiated and all were stable at the time of study. Informed parental consent was obtained for all infants included in the study.
To determine the relationships between radiant power density, body weight, and insensible water loss, heat received by these infants was monitored by a radiant power monitoring technique previously described (I). As reported, a wattmeter (Ohio Semitronics, WM 1000) was connected between the radiant warmer power cable and the electrical power outlet. Electrical power converted by the warmer into heat was measured in watts by the wattmeter. Heat received from the warmer by infants at bed level was measured with a thermopile transducer, (Eppley Model E6).
Heat received was expressed as radiant power density in Mw/cm2. We have previously reported a significant linear wrrelation (r = 0.97, P < 0.001, n = 53) between electrical power used (watts), and power density received at bed level, (Mw/cm2) (2):
Where, RPD = radiant power density measured by thermopile (mw/cm2); P = Warmer power measured by wattmeter (W). Continuous recording of wattmeter data on a polygraph (Hewlett Packard 47601A) was integrated and analyzed using this relationship to determine the mean radiant power density infants received over the study period.
As previously reported (13), insensible water loss was considered equal to insensible weight loss. An overestimation in water loss of 5-10% may result since oxygen consumption and carbon dioxide production were not included in the calculation (Isenschmid equation) (16). Adaptation of the Potter Scale to weight determination in the intensive care setting was accomplished by amplifying the electronic signal output from the scale (Hewlett Packard 8802 Medium Gain Amplifier), and recording this signal onto a continuous polygraph tracing (12). To account for load drag on the scale all respiratory tubing, monitor leads, and intravenous lines were fured securely both on and off the scale platform. Calibration of the scale was made by placing a 5 g ~e t l e r weight on the scale platform and noting the pen deviation on the polygraph. Accurate changes in weight over the study time were detectable with as little as 0.2 g weight change. Calibration was checked at the end of a study. Replicability of one hour weight determinations was established by measuring 2 consecutive hr in eight infants and wmparing results from each hour with an independent Student's r test. Measurements were not significantly different ( P = 0.87). Respiratory gas mixtures were humidified using a Mistogen Humidifer. Condensation on respiratory tubing was trapped prior to the scale apparatus. The humidifier was adjusted so that there was no vapor condensation on the tubing after the trap. In vitro study showed that when there was no visible condensation on the tubing from the point of fnture to the warmer bed to the endotracheal tube adaptor, there was no significant effect on scale function. Parenteral fluid intake was measured and included in the calculation of net insensible weight loss. Stool and urine were collected immediately and the scale was rezeroed on the polygraph. Artifact produced in the weight tracing by collection of urine and stool was deleted in analyzing insensible weight loss data.
Interrelationship of infant body weight, insensible water loss, and radiant power density was examined statistically using linear regression analysis (10) .
To establish the relative importance of radiant power density as an independent determinant of insensible water loss, the net radiant power received for each infant was calculated according to the following equation. (see Appendix):
Where, RPnet = Net radiant power received by an infant over the portion of his body exposed to the radiant warmer, (W/kg). RPD, (radiant = Radiant power received by an infant per cm2 power density) of body surface area, (Mw/cm2). When divided by 1000, the unit mw is converted to watts. S A = Body surface area calculated from weight and length using a neonatal nomogram, (cm2) (14). This value adjusted by 0.3183 correlation factor for projection of RPD onto a curved surface. Wt = Body weight (kg). Net radiant power represents only the amount of heat delivered to the skin of the infant and does not characterize the quantity of energy assimilated by the baby since this equation does not consider the contour and heat absorption characteristics of an infant's skin which may cause a portion of the incident radiant energy to be reflected. Net radiant power received from the radiant warmer was correlated to insensible water loss using linear regression analysis and the interrelationship of body weight, net radiant power received and insensible water loss was examined using linear regression analysis.
Study periods for these measurements were one hour in duration and were separated by one to 25 hr.
RESULTS
A total of 20 one-hr determinations was made. Six infants were monitored for one study period, four infants were monitored twice and two infants were studied on three separate occasions. The relationship of body weight and insensible water loss is shown in Figure 1 . A significant negative linear wrrelation was found between body weight and insensible water loss, (r = -0.86, P < 0.001). This graph shows that very low birth weight infants (infants 0.67 to 0.89 kg) incurred the highest insensible water loss, from 3.75 to 6.70 ml/kg/hr. Middle weight range infants (0.90 to 1.50 kg) varied in insensible water loss from 1.15 to 3.95 ml/kg/hr. Little overlap occurred between the middle weight range and the very low birthweight infants. The larger and more mature infants (infants greater than 1.50 kg) had the lowest measured losses, from 0.51 to 0.60 ml/kg/hr. No overlap occurred between this group and the middle range of infants. The very low birthweight infants had the greatest variability in insensible water loss. Figure 2 demonstrates that a significant negative linear relationship was found betwen body weight and radiant power den- sity, (r = -0.71, P < 0.001). This graph shows more overlap in radiant power density received between the very low birth weight, the middle weight range, and the larger infants. As shown, infants in the middle weight group demonstrated heat demands occasionally in excess of the very low birth weight infants, (12.7 to 21.1 Mw/cm2 for the middle weight range and 16.8 to 20.8 Mw/cm2 for the very low birth weight infants).
A positive linear correlation between radiant power density and insensible water loss is demonstrated in Figure 3 , (r = 0.54, P < 0.05). There was more variability in insensible water loss at relative high radiant power densities than at the lower end of the radiant power scale. For example, in the 16.1 to 21.0 Mw/cm2 radiant power density range, insensible water loss ranged from 1.59 to 6.70 ml/kr/hr while in the 11.0 to 16.0 Mw/cm2 range, insensible loss varied from only 0.5 1 to 3.90 ml/kg/hr. In general the largest insensible water losses occurred when radiant power densities were greater than 16.0 Mw/cm2. The interrelationship of infant body weight (wt), insensible water loss (IWL) and radiant power density (RPD) is described by the equation:
To establish the relative importance of radiant power density as an independent determinant of insensible water loss, the net radiant power received per kg is plotted against insensible water loss in Figure 4 . A significant positive linear correlation was demonstrated, (r = 0.67, P < 0.01). Figure 4 shows that insensible water loss increased with the net radiant power delivered to the infants in this series irrespective of differences in surface area and body mass. Increased variability in insensible water loss is again observed in the higher heat regions of the curve. In general, insensible water loss increased with increased radiant power delivery independent of body weight and surface area.
The relationship of infant body weight (wt), insensible water loss (IWL) and net radiant power received (RPnet) is described by the equation: IWL = -4.60 (wt) -0.34 (RP.,t) + 10.68
DISCUSSION
These data demonstrate that insensible water loss in critically ill infants nursed under radiant warmers correlates to infant body weight, surface area, and the radiant power density received from the radiant warmer device. Smaller infants require more radiant power density to maintain body temperature and they incur much greater insensible water loss when compared to larger, more mature infants. Moreover, the net radiant power received is an independent determinant of insensible water loss irrespective of body size and surface area.
Several studies to date have demonstrated that smaller premature infants have greater insensible water loss when compared to larger, more mature infants. Wu and Hodgman (32) determined that the mean insensible water loss in healthy premature infants nursed under radiant warmers was 2.54 ml/kg/hr for infants less than 1.50 kg, and 1.49 ml/kg/hr for infants greater than 1.50 kg. Yeh et al. (33) reported comparable values for healthy premature infants. They found insensible water loss was 2.56 ml/kg/hr in infants less than 1.25 kg and 2.07 ml/kg/hr in infants greater than 1.25 kg. More recently Bell et al. (3) reported 2.43 ml/kg/hr mean insensible water loss in a group of healthy premature infants whose mean weight was 1.24 kg. The magnitude of the difference in insensible water loss between smaller and larger infants seems in part determined by the difference in weight between the two groups. Moreover the value for insensible water loss reported for the smallest group (less than 1.25 kg) was 1.7 times larger than that reported for the largest group, (greater than 1.50).
In contrast the critically ill and very low birth weight infants studied in this series were found to have nearly a threefold increase in insensible water loss when compared to previous experience. One possible explanation for this large increase in insensible water loss is that transcutaneous evaporation is markedly increased in these infants. The substantial rise in insensible water loss may be attributed to surface geometry since body surface area to body mass ratio increases geometrically with decreasing weight. The observed linear increase in radiant power density required to warm the smaller infant's mass can also be explained by surface characteristics. The power density is distributed over the entire exposed surface of the infant, and therefore a larger body mass may be warmed by a linear increase in radiant power density. It can be concluded that infant weight and surface area are major factors in determining the amount of radiant power density required and the insensible water loss incurred. A second explanation for the large increase in insensible water loss in the very low birth weight, critically ill infant is that mechanical ventilation with humidified air may increase the respiratory component of insensible water loss. Data in adults demonstrate little effect of ventilation with a saturated gas mixture at body temperature on net water exchange (8) . Mechanical ventilation in infants employs humidified gas mixtures which deliver nearly 100% relative humidity at 30 to 32OC to the endotracheal airway. The warmer, better humidified gas mixture used by the critically ill infant receiving mechanical ventilation should reduce, not increase the respiratory component of insensible water loss. Partition of insensible water loss into respiratory and transcutaneous losses was not done in this study, however, and care should be taken in comparing these data with data obtained in non-ventilated newborns. Finally the severity of illness in these patients may have contributed to the dramatic increase in insensible water loss when compared to previous studies. We were unable to evaluate severity of illness as an independent variable due to the relatively small number of patients studied.
This study also demonstrates that net radiant power received under a warmer is a determinant of insensible water loss independent of surface area or body mass. This observation is in agreement with a study by Engle et al. (I I) which demonstrated increased urine concentration and a trend toward increased serum osmolality during periods of high radiant power density versus periods of low radiant power density. These authors attributed this observation to a renal response to increased insensible water loss by conservation of free water. Furthermore, Bell el al. (3) compared insensible water losses in infants nursed by radiant warmers under three phototherapy conditions. Though radiant power density delivered to these infants was not measured, the authors speculated that radiant energy may have been an important variable in determining the magnitude of the observed increased fluid loss.
These two previous studies suggest that an increase in net radiant power received from a warmer may result in a predictable increase in transcutaneous water loss. The present study supports this hypothesis since increased radiant power density correlated to an increase in insensible water loss. In addition smaller infants required more heat to maintain body temperature and incurred larger insensible water loss. In separating the two dependent variables of body weight and radiant power density, infant surface area and body mass were considered. The calculation of net radiant power received expresses radiant power density as total heat received per kg of body weight. This method does not control for other individual differences, for example thickness of skin or skin bloodflow. Moreover the net radiant power assimilated by the infant versus the amount of heat reflected by the skin was not determined. However, these results suggest that net radiant power received does result in a predictable amount of insensible water loss independent of body weight and surface area. Further investigation of radiant power fluctuation and simultaneous measurement of insesible water loss is required to demonstrate that fluctuation in power density causes changes in insensible water loss.
In summary, precise guidelines for replacement of urine and insensible fluid losses are required to achieve optimal parenteral fluid therapy in the critically ill neonate. This study demonstrates that radiant power density and body size are independent and significant determinants of insensible water loss. Frequent reassessment of parenteral fluid therapy and ongoing measurement of radiant power density will permit finer control of fluid balance in the critically ill newborn.
APPENDIX
Net radiant power density received (RP,,,) is calculated to characterize the amount of heat an infant requires from the servocontrolled radiant warmer to maintain each unit of body mass at a constant temperature. The purpose of this calculation is to distribute the measurement of radiant power density (Mw/cm2) over the exposed body surface area of an infant (cm"), and to normalize this quantity of heat per kg of body weight so that larger infants may be compared to smaller infants. Several assumptions are made in deriving the formula for RPne1.
First, the radiant device is assumed a plane heat source delivering a uniform radiant power density (RPD) to all portions of the surface of the bed irradiated. In vitro measurement of RPD over the entire bed's surface confirms this hypothesis (available on request).
Second, the portion of radiant power density interrupted by the infant's body constitutes a projection of the infant's silhouette onto a plane. The area of this irradiated silhouette is assumed to relate to the infant's body surface area. Empirical proof of this conjecture may be derived from the geometric model used by Haycock el al. (14) to derive body surface area. In this paper a series of cylinders was used to model an infant's limbs and torso. The surface area of the cylinder radius r and length L is 2mL. The area of the projection of this cylinder onto a plane parallel to L is a rectangle 2rL. To derive the projected rectangle's area from the cylinder's surface area, the cylinder surface area may be Res., 13: 494 (1979 warming device, net radiant heat transfer is probably greatest from the warmer to the infant. I n vitro data confirms these observations (available on request). Therefore, the radiant warmer essentially dominates an infant's radiant environment.
RP.,, may be expressed in W/kg or in kcal/kg/hr, since 1 W = I J/sec and I kcal = 4.184 kJ.
